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Abbreviations 
 
2D Two-dimensional 
3D Three-dimensional 
CT Chromosome territory 
DEAC 7-diethylaminocoumarin-3-carboxliyc acid 
FACS Fluorescence-activated cell sorting 
FISH Fluorescence in situ hybridization 
FITC Fluorescein isothiocyanate 
mBANDing multicolor banding 
PCT Plasmacytoma 
Pre B cells Mouse Pre B lymphocytes of BALB/c origin 
T38Hwt lymphocytes primary B lymphocytes of congenic 
[T38HxBALB/c]N wild-type mice 
T38HT(X;11) lymphocytes B lymphocytes of [T38HxBALB/c]N mice with 
a reciprocal translocation between chromo-
some X and 11 
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1 Introduction 
This cumulative dissertation includes the two publications “Distinct nuclear orientation 
patterns for mouse chromosome 11 in normal B lymphocytes” published in BMC Cell 
Biology in June 2014 and “Changes in nuclear orientation patterns of mouse chromo-
some 11 during mouse plasmacytoma development” published in Translational Oncol-
ogy in October 2015.  
1.1 Background 
Epigenetics is a term describing the process of modifications of chromosomes. These 
modifications occur without changing the genotype but influence gene activity and gene 
expression. Adrian Peter Bird defines epigenetics as “the structural adaption of chro-
mosomal regions so as to register, signal or perpetuate altered activity states”(Bird 
2007). Russo describes epigenetics as "the study of mitotically and/or meiotically herit-
able changes in gene function that cannot be explained by changes in DNA sequence" 
(Russo, Martienssen, and Riggs 1996). Chromosomes consist of chromatin which in 
turn is composed of DNA, RNA and proteins, primarily histones. Epigenetic modifica-
tions of chromatin include methods like DNA methylation or histone acetylation 
(Kouzarides 2007). The exact structural organization of chromatin has not been identi-
fied up to date.  
Different aspects of nuclear architecture may also have an influence on epigenetic 
changes. Chromosomes are organized in chromosome territories (CT). These are spe-
cific regions within the three-dimensional (3D) nucleus, which are evolutionary con-
served (Cremer and Cremer 2010). The arrangement of CTs is dependent on factors 
like chromosome size, gene density or for example gene activity. Transcriptionally ac-
tive genes can be found outside of CTs whereas inactive genes are located inside 
(Morey, Kress, and Bickmore 2009). 3D FISH studies to clarify the structure and organ-
ization of CTs are of enormous relevance for a better understanding of nuclear archi-
tecture. 
1.2 Orientation 
Analyzing orientation patterns of chromosomes in the 3D nucleus is a new approach in 
studying nuclear architecture. The regions at the end of eukaryotic chromosomes are 
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called telomeres, which consist of repetitive nucleotide sequences to protect the chro-
mosome from degradation (Chan and Blackburn 2004). The centromere is the region 
where the two chromatids of a chromosome are connected before chromosome divi-
sion during mitosis. The centromere can be located at different positions on the chro-
mosome, e.g. metacentric, acrocentric or telocentric. Mouse chromosomes have only 
telocentric centromeres at the terminal end of chromosomes (Kalitsis, Griffiths, and 
Choo 2006). In our publications this end is referred to as “centromeric end”.  
In both studies we assessed the orientation of chromosome 11 in the 3D nucleus of 
murine cells. Telomeric and centromeric ends of chromosomes can indicate the orien-
tation of the whole chromosome, which may for example either point towards the nu-
clear center or towards the periphery. In addition, chromosomes can also be located in 
parallel to the nuclear border with the end neither pointing towards the nuclear center 
nor the periphery. Determining the orientation of homologous chromosomes results in 
various orientation patterns: Both homologs can point with their telomeric ends towards 
the nuclear center (1), both can point with their centromeric ends towards the center 
(2), both can be located in parallel to the nuclear border (3), one can be in parallel 
whereas the other points with its centromeric end (4) or telomeric end (5) towards the 
center. Alternatively, one homolog can be oriented with its telomeric end towards the 
center whereas the other points with its centromeric end towards the center (6). Analy-
sis was performed by visual inspection and by the use of automatic programs. For the 
visual inspection, a parameter assessing the parallel orientation of chromosomes was 
introduced during evaluation of nuclear orientation patterns. Automated analyses clas-
sified the parallel orientation into a direction (i.e. one end towards the center and one 
towards the periphery since a perfect parallel orientation did not exist). 
1.3 Chromosome 11 
In the center of interest was chromosome 11 because it is frequently altered in mouse 
plasmacytoma (PCT) which is a B cell lineage tumor. Wiener et al discovered 2010 that 
subcytoband 11E2 of mouse chromosome 11 is regularly duplicated in mouse fast-
onset PCTs. Moreover, they indicated that it accelerates PCT development. In these 
PCTs a high frequency of subcytoband 11E2 trisomy was found, associated with the 
overexpression of genes within 11E2. The corresponding syntenic regions in human 
are 17q25 and 10q32 in rat and they are regularly changed in many tumors (Kuzyk et 
al. 2015; Turhan et al. 2006; Koelsch, Rajewsky, and Kindler-Rohrborn 2005; Langan 
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et al. 2004). Subcytoband 11E2 may therefore play an important role in the tumorigenic 
process.  
1.4 Aim 
The focus of both publications was the study of mouse chromosome 11 orientation pat-
terns in the 3D interphase nucleus of tumor and control cells. Orientation patterns have 
never been assessed before, so we analyzed normal lymphocytes at first and lympho-
cytes deriving from PCT subsequently. We examined whether chromosome 11 was 
oriented with its telomeric or centromeric end towards the nuclear center, respectively 
periphery or whether it showed a parallel position to the nuclear border. Distinct orien-
tation patterns in nuclei of normal lymphocytes and of PCT cells were determined.  
Multicolor banding (mBANDing) was used in order to determine the orientation in four 
different cell types. The orientation patterns were compared to each other and changes 
during tumor development were observed. 
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2 Material and Methods 
2.1 Cell types 
We examined four different cell types: Diploid mouse Pre B lymphocytes of BALB/c 
origin (Pre B cells), primary B lymphocytes of congenic [T38HxBALB/c]N wild-type mice 
(T38Hwt lymphocytes), B lymphocytes of [T38HxBALB/c]N mice with a reciprocal trans-
location between chromosome X and 11 (T38HT(X;11) lymphocytes) and fast-onset 
plasmacytoma (PCT) cells (Wiener et al. 2010). T38HT(X;11) lymphocytes exhibited a 
long chromosome (T(11;X)) and a short chromosome (T(X;11)). Fast-onset PCT cells 
are induced in the unique [T38HxBALB/c]N rcpT(X;11) mouse model by pristine and v-
abl/myc. The mean latency of fast-onset PCTs is only 45 days. 
Pre B cells were grown in cell culture, lymphocytes were harvested from the spleens of 
6 to 8 week old T38Hwt and T38HT(X;11) mice and PCT cells were isolated out of the 
ascites of fast-onset PCT mice. To gain valid results we analyzed approximately 300 
nuclei per cell type and about a hundred nuclei were used from each slide. Since stud-
ies were done in triplicate, we needed three mice per cell type.  
2.2 Methods 
To control copy number and structural stability of chromosome 11 and to verify the la-
beling of the mBAND paint, metaphase spreads of Pre B and T38Hwt lymphocytes 
were prepared and two-dimensional (2D) cell fixation was performed. Three slides of 
each cell type underwent hybridization with the chromosome 11 mBAND probe, which 
were conducted in three different experiments. 20 metaphases per slide were imaged 
using an Axioplan 2 microscope (Carl Zeiss Ltd., Toronto, ON, Canada) and the ISIS-
FISH imaging system 5.0 SR 3 (Metasystems Group Inc. Boston, MA, USA).  
3D fixation to nuclei of Pre B cells and of lymphocytes of T38Hwt, T38HT(X;11) and 
PCT mice was conducted after harvesting them from spleens, respectively ascites.  3D 
nuclei fixation was performed according to a protocol described by Solovei et al. 2002 
(Solovei et al. 2002). 
The method we used on all nuclei of all four cell types is mBANDing. Normally 
mBANDing is used to detect intrachromosomal rearrangements (Chudoba et al. 1999) 
but it can also be applied for studying nuclear architecture. Before fluorescence in situ 
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hybridization (FISH) the nuclei underwent 3D cell fixation. The chromosome 11 
mBANDing paint consists of four different fluorochromes labeling four different overlap-
ping segments of chromosome 11. The telomere is labeled with FITC (green), the peri-
centromeric region with Texas Red (magenta) and the segments in between in GOLD 
(red) and DEAC (cyan blue). In total 12 individual mBAND experiments were carried 
out. Using an AxioImager Z2 microscope, corresponding filters to the four fluoro-
chromes and an AxioCam MRm (Carl Zeiss Inc. Canada) over 300 nuclei per cell type 
were captured, approximately 100 per slide. In order to reconstruct a 3D image, z-
stacks of 80 slices with 200nm axial distance and 102nm lateral pixel size were ac-
quired. After acquisition the images were deconvolved with a constrained iterative algo-
rithm (Schaefer, Schuster, and Herz 2001) using the Axiovision Release 4.8 Software 
(Carl Zeiss Inc. Canada). 
2.3 Analysis 
For analyzing orientation patterns, we used three different methods. Firstly, we exam-
ined all nuclei by visual inspection. We determined whether the telomere pseudo-
colored in green or the centromere pseudo-colored in red was pointing towards the nu-
clear periphery, respectively the nuclear center. When no end was oriented towards the 
center or periphery, these chromosomes were designated as parallel. The combination 
of different chromosome 11 orientations resulted in different orientation patterns. Poly-
ploid nuclei with more than four copies of chromosome 11 were difficult to analyze vis-
ually. Therefore, only the orientation of chromosome 11 in nuclei with up to four copies 
was determined. The position of the small translocation chromosome T(X;11) whether 
it is located in a central, intermediate or peripheral nuclear position was also examined 
visually. 
Secondly, for the first publication (“Distinct nuclear orientation patterns for mouse 
chromosome 11 in normal B lymphocytes”) 45 nuclei of Pre B cells and of T38Hwt lym-
phocytes were additionally analyzed with a semi-automatic quantitative program using 
the software eADS (Kupper et al. 2007). The program measured the distance in na-
nometer between the geometric centers of each chromosomal segment and the nucle-
ar border. Afterwards the adequate orientation to each chromosome had to be as-
signed. Further, the conformation of chromosome 11 was assessed whether it showed 
a straight or angulated formation. The main disadvantage of the analysis by the semi-
automatic program was that all chromosomes 11, each band and nucleus had to un-
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dergo manual segmentation and therefore all pixels at different levels of grey had to be 
distinguished visually.  
Thirdly, for the second publication (“Changes in Nuclear Orientation Patterns of Chro-
mosome 11 during Mouse Plasmacytoma Development”) nuclei of PCT and 
T38H(TX;11) lymphocytes were additionally analyzed with a fully automated program. 
This program measures chromosome orientation in the 3D nucleus (Righolt et al. 2015) 
and it provides exact results. We therefore did not determine a parallel orientation any 
longer. Unfortunately, the program could only be implemented for diploid cells. In the 
second paper though we assessed PCT cells showing two and more copies of chro-
mosomes 11. For statistical comparison of the orientation patterns the method of anal-
ysis had to be the same. Consequently, we used the results by visual inspection in both 
publications. 
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3 Results and Discussion 
We analyzed orientation patterns of chromosome 11 in nuclei of a diploid mouse Pre B 
lymphocyte line of BALB/c origin, in B lymphocytes of congenic [T38HxBALB/c]N wild-
type mice and [T38HxBALB/c]N rcpT(X;11) mice and of PCTs. We performed mBAND-
ing to 3D preserved nuclei and examined more than 300 nuclei of each cell type. The 
mouse chromosome 11 mBAND probe labels four overlapping segments with four fluo-
rescing colors. The telomeric end is labeled with FITC Green, the centromeric end with 
Texas Red and the regions in between with Gold and DEAC. The mBANDed nuclei 
were imaged using Axiovision 4.8 Software (Carl Zeiss Inc. Canada) and were decon-
volved with a constrained iterative algorithm. By visual inspection we analyzed the ori-
entation of chromosome 11 of the respective cell types and subsequently determined 
orientation patterns.  
3.1 Chromosome 11 orientation patterns 
We observed three different orientations; (1) chromosome 11 points with its telomeric 
end to the nuclear periphery and with its centromeric end to the nuclear center, (2) it 
points with its centromeric end to the nuclear periphery and with its telomeric end to the 
center, (3) chromosome 11 was designated as parallel to the nuclear surface when the 
end was pointing neither towards the nuclear center nor the periphery. Combining the 
observed orientations of all chromosomes in one nucleus, we determined an orienta-
tion pattern.  
In the first study we observed three main patterns of chromosome 11 orientation in 3D 
interphase nuclei from Pre B and T38Hwt lymphocytes: The most frequent orientation 
pattern observed in both cell types was with both copies of chromosome 11 located in 
parallel to the nuclear border (37.3% and 31.9%, respectively). There was no signifi-
cant difference in the occurrence of this orientation pattern between both lymphocyte 
types (p=0.20). The second most common orientation observed was with one homolog 
of chromosome 11 oriented with its telomeric end towards the nuclear center, while the 
other chromosome 11 homolog was found in parallel to the nuclear border (20.5% and 
26.1% in Pre B and T38Hwt mouse lymphocytes, respectively). There was no signifi-
cant difference in the frequency of this orientation pattern seen between both types of 
lymphocytes (p=0.13). One chromosome 11 pointing with its centromeric end to the 
center and the other located in parallel to the nuclear border was the third most fre-
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quently observed orientation. The occurrence of this orientation pattern did not differ 
significantly in both types of lymphocytes (p=0.05) with a frequency of 16.3% in Pre B  
and of 10.4% in T38Hwt lymphocyte nuclei. There was a significant difference between 
the percentages of cells with each of the three major orientation patterns within each 
cell type (p < 0.001). There was no significant difference in the occurrence of the orien-
tation patterns observed between both B cell types (p>0.05).  
In the second study we examined chromosome 11 orientation patterns in nuclei of lym-
phocytes from PCT and T38HT(X;11) mice. The most frequently observed orientation 
pattern in T38HT(X;11) was with both chromosomes located in parallel to the nuclear 
border (35.0%). In all PCTs this orientation pattern was only observed in 10.7% 
(p<0.01). The orientation pattern with one homolog pointing with its centromeric end 
towards the nuclear periphery and the other homolog being in parallel was found most 
frequently in PCTs (13.4% of all PCTs) and in 23.7% of T38HT(X;11) (p=0.83). Both 
chromosomes pointing with their centromeric ends towards the periphery was observed 
in 18.7% of T38HT(X;11) and in 8.5% of all PCTs (p=0.0001). The third most common 
orientation pattern in PCTs was with one homolog located in parallel whereas the other 
homolog was pointing with its telomeric end to the periphery (8.5%). This orientation 
pattern was found in 13.6% of T38HT(X;11) nuclei (p<0.01). When comparing 
T38HT(X;11) nuclei to all PCT nuclei with respect to their orientation patterns a signifi-
cant difference was noted (p<0.0001).  
115 out of 224 (51.3%) PCT nuclei showed three or more copies of chromosome 11. 
Various orientation patterns were determined for all PCT nuclei with up to four chromo-
somes 11.  
Moreover, we identified the position of the small translocation chromosome T(X;11) in 
all nuclei of T38HT(X;11) and PCT. T(X;11) carrying cytoband 11E2 was most fre-
quently observed in the intermediate region of the nucleus. There is no significant dif-
ference between the two cell types regarding the position of T(X;11) (p=0.06).  
3.2 Chromosome 11 3D conformation 
The 3D conformation of 90 individual chromosomes 11 from Pre B and T38Hwt lym-
phocytes was evaluated by measuring angles between the geometric centers of the 
different mBAND probes in individual chromosomes using the software eADS (Kupper 
et al. 2007). We determined whether chromosome 11 is preferentially straight or angu-
lated during interphase. 19% of Pre B and 15% of T38Hwt B cell chromosome 11 
showed angles between 0 and 60° and were considered as angulated, whereas 47% of 
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Pre B and 43% of T38Hwt B cell chromosome 11 showed angles between 121° and 
180°. These data indicate that mouse chromosome 11 shows a preferentially straight 
3D conformation in both cell types.  
3.3 FACS Analysis 
To determine whether cell cycle distribution had an impact on the chromosome 11 ori-
entation patterns, cell cycle profiles of Pre B and T38Hwt lymphocytes were measured 
by FACS analysis. As the Pre B lymphocytes were kept proliferating in culture, the cells 
were distributed throughout the different cell cycle phases with 45% in G0/G1, 44% in 
S and 21% in G2/M. In contrast, the majority of the T38Hwt cells were found in G0/G1 
(94%) with only 5% in S and 2% in G2/M. The comparison of the distinct cell cycle pro-
files indicates that cell cycle stages have no influence on nuclear orientation.  
3.4 Discussion 
There are several reasons why studying orientation patterns is relevant for a better un-
derstanding of nuclear architecture and its impact on epigenetics. Firstly, chromosomes 
occupy specific evolutionary conserved CTs (Cremer and Cremer 2010), they are lo-
cated in nonrandom positions in the 3D nucleus. The location of chromosome territo-
ries in the 3D nucleus is dependent e.g. on the activity, respectively inactivity of genes 
(Solovei et al. 2009; Dyer, Canfield, and Gartler 1989), gene-density (Kupper et al. 
2007) or guanine-cytosine content (Hepperger et al. 2008). The question whether 
chromosomes show a distinct orientation within the CT was never asked before. Sec-
ondly, various studies show that distinct characteristics of the nuclear organization 
have an influence on e.g. transcription rate, differentiation or cell cycle (Mehta et al. 
2010; Marella et al. 2009; Morey, Kress, and Bickmore 2009). Rotation of chromo-
somes is a possible mechanism of movement. Chromosomes may rotate to reach tran-
scription factories. Chromatin changes its position (Lanctot et al. 2007) or loops out 
(Volpi et al. 2000) in order to be transcribed. In the examined fast-onset PCT the length 
of the telomere containing cytoband 11E2 is significantly increased (Kuzyk and Mai 
2012). Rotation could lead to a closer proximity between a transcription factory and the 
genes of 11E2 in PCT cells. Thirdly, orientation may serve as a protection mechanism. 
Heride et al. 2010 showed that chromosomes are closer to heterologs than homologs 
which may avoid homologous recombination and damaging of both homologous copies 
(Heride et al. 2010). We observed in approximately 45% of the studied cells that the 
orientation of the chromosome 11 homologs was different. They may rotate or the ori-
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entation may be conserved in its location to protect themselves from genotoxic stress. 
On the contrary rotation could lead to closer proximity of telomeres and the formation of 
telomeric aggregates resulting in telomere dysfunction and genomic instability (Mai and 
Garini 2006, 2005). However, the influence of orientation patterns on epigenetic modifi-
cations needs to be evaluated in further studies. 
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4 Summary 
4.1 English version 
Analyzing orientation patterns of chromosomes in the 3D nucleus using Fluorescence 
in situ hybridization (FISH) is a new approach to study nuclear architecture. Previous 
studies demonstrate that chromosomes are located in nonrandom positions in the nu-
cleus, they occupy specific chromosome territories (CTs) (Cremer and Cremer 2010). 
In this context it was shown that characteristics of the nuclear organization like distinct 
positioning of chromosomes within the CT or mechanisms of chromatin movement 
have an influence on e.g. transcription rate, differentiation or cell cycle (Mehta et al. 
2010; Marella et al. 2009; Morey, Kress, and Bickmore 2009). A study of Wiener et al. 
(2010) concerning numerical chromosomal aberrations of chromosome 11 in mouse 
plasmacytoma (PCT), which showed that subcytoband 11E2 of chromosome 11 is du-
plicated in fast-onset mouse PCT, gave rise to the question whether the aspect of ori-
entation is significant for PCT development. Plasmacytoma is a malignant tumor deriv-
ing from lymphocytes of the B cell lineage and chromosome 11 aberrations are consid-
ered one of the most frequent chromosomal aberrations in mouse PCTs.  
There are several possibilities regarding the orientation of chromosomes in the 3D nu-
cleus. Chromosomes can either point with their telomeric or their centromeric end to-
wards the nuclear periphery, respectively towards the nuclear center. Just as well they 
can be located parallel to the nuclear border with no end pointing towards the periphery 
or center. This is the first study to evaluate the orientation of chromosomes in the 3D 
nucleus. According to the study of Wiener et al. (2010) we first examined the orienta-
tion of chromosome 11 in normal B lymphocytes and subsequently in PCT cells. The 
focus of both our studies was the orientation of mouse chromosome 11 in the 3D inter-
phase nucleus of four different cell types: The first publication (“Distinct nuclear orienta-
tion patterns for mouse chromosome 11 in normal B lymphocytes”) presents the results 
of the analysis of diploid mouse Pre B lymphocytes of BALB/c origin and primary B 
lymphocytes of congenic [T38HxBALB/c]N wild-type mice. The results of the analysis of 
B lymphocytes of [T38HxBALB/c]N mice with a reciprocal translocation between chro-
mosome X and 11 (T38HT(X;11) lymphocytes) exhibiting a long (T(11;X)) and a short 
(T(X;11)) chromosome and of fast-onset PCT cells (Wiener et al. 2010) were presented 
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in the second publication ((“Changes in Nuclear Orientation Patterns of Chromosome 
11 during Mouse Plasmacytoma Development”). 
For displaying chromosome 11 in the 3D interphase nucleus we used multicolor band-
ing (mBANDing) (Benedek et al. 2004). The specific mouse chromosome 11 mBAND 
probe hybridizes with four overlapping segments of the whole chromosome 11 painting 
it in four fluorescent colors. The telomeric end is labeled in green (FITC), the centro-
meric end in magenta (Texas Red) and the segments in between in red (Gold) and cy-
an blue (DEAC). We imaged approximately 300 nuclei per cell type using an AxioIm-
ager Z2 microscope, corresponding filters for the four fluorochromes and the Axiovision 
4.8 software (Carl Zeiss Inc. Canada). The orientation of all chromosome 11 homologs 
was determined by visual inspection. 
In the first study the most frequent orientation patterns observed in nuclei of Pre B and 
T38Hwt lymphocytes were with both chromosomes 11 in parallel to the nuclear border. 
The second most frequently found pattern was with one homolog located in parallel 
while the other was pointing with its telomeric end towards the nuclear center and with 
its centromeric end towards the periphery. There was no significant difference between 
Pre B and T38Hwt lymphocytes regarding chromosome 11 orientation patterns 
(p>0.05). To support these results a semi-automatic quantitative analysis was conduct-
ed. 
In the second study nuclei of T38HT(X;11) lymphocytes also showed most frequently 
the orientation pattern with both chromosomes 11 located in parallel to the nuclear bor-
der. In PCT cells two or more copies of chromosome 11 were found. The most fre-
quently observed orientation pattern in diploid PCT cells was with one chromosome 11 
in parallel whereas the other was pointing with its centromeric end towards the nuclear 
periphery, and with its telomeric end towards the center respectively. There is a signifi-
cant difference between the two studied cell types regarding chromosome 11 orienta-
tion patterns (p<0.0001). An additional analysis of the diploid cells using a fully auto-
mated program to measure the orientation of chromosomes in the 3D nucleus was 
conducted (Righolt et al. 2015). 
Furthermore, in the first study the conformation of chromosome 11 using the software 
eADS (Kupper et al. 2007) was examined. Chromosome 11 showed a preferentially 
straight not angulated configuration. In addition, a fluorescent activated cell sorting 
(FACS) analysis of Pre B and T38Hwt cells was carried out. Pre B lymphocytes were 
distributed throughout all cell cycle phases whereas T38Hwt lymphocytes were found 
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particularly in G0/G1 phase. This indicates that chromosome 11 orientation is with a 
high probability independent of cell cycle phases. 
The position of the small translocation chromosome T(X;11) in the 3D nucleus was as-
sessed additionally in the second study. T(X;11) contains subcytoband 11E2 und parts 
of E1. The telomeric probe of the mBAND paint labels it in green (FITC) only. We ex-
amined whether the small translocation chromosome T(X;11) is either located in a pe-
ripheral, central or intermediate position of the 3D nucleus. In both PCT and 
T38HT(X;11) lymphocytes it was found most frequently in the intermediate.  
In both publications we showed that there are distinct orientation patterns observed in 
all studied cell types. However, determining whether changes in the orientation pat-
terns have an impact on PCT development, will have to be in the focus of further stud-
ies. 
4.2 German version 
Die Analyse der Orientierung von Chromosomen im 3D-Zellkern mittels Fluoreszenz-
in-situ-Hybridisierung (FISH) ist ein neuer Ansatz in der Untersuchung der Zellkernar-
chitektur. Vorherige Studien besagen, dass Chromosomen keine willkürlichen Positio-
nen im Zellkern einnehmen, sondern sich in spezifischen Territorien, chromosome terri-
tories (CTs), befinden (Cremer and Cremer 2010). In diesem Kontext konnte gezeigt 
werden, dass Eigenschaften der Zellkernarchitektur wie die bestimmte Positionierung 
von Chromosomen im CT oder Bewegungsmechanismen von Chromatin beispielswei-
se Transkriptionsrate, Zelldifferenzierung oder Zellzyklus beeinflussen (Mehta et al. 
2010; Marella et al. 2009; Morey, Kress, and Bickmore 2009). Nachdem Wiener et al. 
(2010) in einer Studie zu numerischen Chromosomenaberrationen von Chromosom 11 
im Plasmozytom der Maus gezeigt haben, dass die Zytobande 11E2 im Telomer des 
Chromosoms 11 im schnell wachsenden Plasmozytom der Maus verdoppelt ist, stellen 
wir uns im vorliegenden Zusammenhang die Frage, ob der Faktor Orientierung eine 
Bedeutung in der Tumorgenese des Plasmozytoms darstellt. Das Plasmozytom ist ein 
maligner Tumor von Lymphozyten der B-Zell-Reihe und Chromosom 11 Aberrationen 
stellen eine der häufigsten chromosomalen Aberrationen beim Plasmozytom der Maus 
dar.  
Für die Orientierung des Chromosoms innerhalb des 3D-Zellkerns gibt es unterschied-
liche Möglichkeiten. Sowohl das Telomer als auch das zentromernahe Ende des 
Chromosoms können entweder in Richtung Peripherie oder in Richtung Zentrum zei-
gen, das Chromosom kann jedoch ebenso parallel zur Zellkernoberfläche liegen, so-
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dass kein Ende in Richtung Peripherie oder Zentrum zeigt. Die Orientierung von Chro-
mosomen im 3D-Zellkern wurde bislang noch nie innerhalb einer wissenschaftlichen 
Studie beurteilt. Dies nachzuholen, war das Ziel unserer Untersuchungen. In Anleh-
nung an die Studie von Wiener et al. (2010) betrachteten wir hierzu zunächst die Orien-
tierung von Chromosom 11 in normalen B-Lymphozyten und anschließend in Plas-
mozytomzellen. Im Zentrum beider aus unseren Untersuchungen hervorgegangenen 
Studien stand die Orientierung von Chromosom 11 in der Interphase im 3D-Nukleus 
von vier verschiedenen Zelltypen der Maus: Die erste Publikation (“Distinct nuclear ori-
entation patterns for mouse chromosome 11 in normal B lymphocytes”) enthält die Er-
gebnisse der Untersuchung von diploiden Pre-B-Lymphozyten aus BALB/c Mäusen 
(Pre-B-Zellen) sowie aus primären B-Lymphozyten kongener [T38HxBALB/c]N wildtyp 
Mäuse (T38Hwt-Lymphozyten); die zweite Publikation (“Changes in Nuclear Orientati-
on Patterns of Chromosome 11 during Mouse Plasmacytoma Development”) zeigt die 
Ergebnisse der Untersuchung von B-Lymphozyten aus [T38HxBALB/c]N Mäusen mit 
einer reziproken Translokation zwischen den Chromosomen 11 und X (T38HT(X;11)-
Lymphozyten), resultierend in einem langen (T(11;X)) und einem kurzen (T(X;11)) 
Chromosom, sowie von schnell wachsenden Plasmozytomzellen (PCT-Zellen) (Wiener 
et al.). 
Zur Darstellung der beiden homologen Chromosomen 11 im 3D-Nukleus nutzten wir 
multicolor banding (mBANDing) (Benedek et al. 2004). Bei dieser Methode werden vier 
sich überlappende Regionen des gesamten Chromosoms 11 mit je vier verschiedenen 
fluoreszierenden Farben dargestellt, sodass die Telomere in grün (FITC), die zentro-
mernahen Enden in magenta (Texas Red) und die subchromosomalen Segmente da-
zwischen in rot (Gold) und cyan blau (DEAC) sichtbar werden. Pro Zelltyp nahmen wir 
ca. 300 Nuklei mit einem AxioImager Z2 Mikroskop, entsprechenden Filtern für die vier 
Fluorochrome und der Software Axiovision 4.8 (Carl Zeiss Inc. Kanada) auf. Mittels vi-
sueller Inspektion wurde die Orientierung aller homologen Chromosomen 11 bestimmt. 
Die erste Studie ergab als häufigstes Orientierungsmuster sowohl in den Nuklei der 
Pre-B-Zellen als auch der T38Hwt-Lymphozyten eine parallele Lage beider Chromo-
somen 11 zur Zellkernoberfläche. Als zweithäufigstes Muster in diesen beiden Grup-
pen liegt ein Homolog parallel, während das Zweite mit dem Telomer in Richtung Zent-
rum und mit dem Zentromer in Richtung Peripherie zeigt. Es ließ sich kein signifikanter 
Unterschied zwischen Pre-B- und T38Hwt-Lymphozyten in Bezug auf ihre Chromosom 
11-Orientierungsmuster feststellen (p>0.05). Zur Bestätigung dieser Ergebnisse wurde 
eine semi-automatische quantitative Analyse durchgeführt. 
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Auch in der zweiten Studie war bei den T38HT(X;11)-Lymphozyten die parallele Lage 
der beiden Chromosom 11-Homologen zur Zellkernoberfläche das häufigste Orientie-
rungsmuster. Die Plasmozytomzellen zeigten zwei oder mehr Kopien von Chromosom 
11. Die beiden Chromosomen 11 von diploiden Zellen zeigten am häufigsten eine pa-
rallele Ausrichtung sowie eine Orientierung des Zentromers in Richtung Peripherie be-
ziehungsweise des Telomers in Richtung Zellkernzentrum. Es besteht ein signifikanter 
Unterschied zwischen den beiden untersuchten Zelltypen dieser Studie in Hinblick auf 
ihre Orientierungsmuster (p<0.0001). Zusätzlich wurde eine Analyse der diploiden Zel-
len mit einem vollständig automatischen Programm zur Messung der Orientierung von 
Chromosomen im 3D-Zellkern (Righolt et al. 2015) durchgeführt. 
In der ersten Studie wurde des Weiteren die Formation von Chromosom 11 mittels der 
Software eADS (Kupper et al. 2007) untersucht. Chromosom 11 zeigte sowohl in Pre-
B- als auch in T38Hwt-Zellen eine vorzugsweise gerade, nicht gewinkelte Formation. 
Zudem wurde eine FACS Analyse der Pre-B- und T38Hwt-Zellen durchgeführt. Sie 
zeigte, dass sich Pre-B-Lymphozyten über alle Stadien des Zellzyklus verteilen und 
sich T38Hwt-Lymphozyten bevorzugt in Phase G0/G1 befinden. Dies bedeutet, dass 
die Orientierung von Chromosom 11 mit hoher Wahrscheinlichkeit unabhängig vom 
Zellzyklus ist. 
Außerdem untersuchten wir in der zweiten Studie die Position des kleinen Translokati-
onschromosoms T(X;11) im 3D-Zellkern. Dieses enthält die Zytobande 11E2 und Teile 
von E1. Nach mBANDing ist es ausschließlich grün (FITC) markiert. Mittels visueller 
Inspektion wurde festgelegt, ob es sich peripher, zentral oder intermediär befindet. So-
wohl in Plasmozytomzellen als auch in T38HT(X;11)-Lymphozyten fand es sich am 
häufigsten intermediär. 
Aus beiden Publikationen wird deutlich, dass es in allen untersuchten Zelltypen eindeu-
tige Orientierungsmuster gibt. Um festzustellen, inwieweit die Veränderungen der Ori-
entierungsmuster während der Plasmozytomentwicklung von Bedeutung sind, bedarf 
es jedoch weiterer Untersuchungen. 
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5 My contribution 
This cumulative dissertation consists of the two publications “Distinct nuclear orienta-
tion patterns for mouse chromosome 11 in normal B lymphocytes” published in BMC 
Cell Biology in June 2014 and “Changes in nuclear orientation patterns of mouse 
chromosome 11 during mouse plasmacytoma development” published in Translational 
Oncology in October 2015.  
Prof. Sabine Mai (SMa) from the Institute of Cell Biology, University of Manitoba, Win-
nipeg, Canada designed both studies. Ann-Kristin Schmälter (AKS) conducted all major 
experiments independently, discussed the results with SMa and wrote both manu-
scripts. Dr. Stefan Müller (SMü) and Dr. Christiaan Righolt (CR) were involved in the 
semi-automatic and automatic analysis. Statistical analysis was done by Mary Cheang 
from the University of Manitoba. All co-authors were able to incorporate their comments 
into the manuscripts.  
AKS performed cell culture and cell harvest, 2D (metaphase spreads) and 3D (inter-
phase) cell fixation. Alexandra Kuzyk (AK), co-author of both papers, also needed 3D 
fixed nuclei of these cell types for another study, so a couple of the 3D fixed slides 
were shared. AKS conducted FISH with a chromosome 11 specific mBAND probe to all 
2D and 3D fixed cells and recorded the images.  
AKS analyzed all nuclei by visual inspection, determined the orientation of mouse 
chromosome 11 and the nuclear position of the small translocation chromosome 
T(X;11). All tables with the results and the representative images shown in both publi-
cations were provided by AKS. 3D movies for the supplement of the first publication 
(“Distinct nuclear orientation patterns for mouse chromosome 11 in normal B lympho-
cytes”) were created by CR. 
AKS prepared the images for the semi-automatic analysis with the software eADS us-
ing the program Image J and evaluated the results. SMü and Dr. Michaela Neusser ex-
ecuted the software eADS, analyzed the chromosome 11 conformation and created 
additional files 13-15 for the first publication (“Distinct nuclear orientation patterns for 
mouse chromosome 11 in normal B lymphocytes”). The fully automatic program was 
conducted by CR and AKS controlled whether every chromosome and nucleus was 
detected correctly by the program. The results of the automatic analysis are discussed 
in the second publication (“Changes in Nuclear Orientation Patterns of Chromosome 
11 during Mouse Plasmacytoma Development”). AK performed FACS analysis. 
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In conclusion, AKS carried out the main part of all experimental studies and analysis 
and is first author of both publications. 
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